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A multilevel inverter is an electrical device that converts a DC voltage into a 
higher AC voltage by generating a stepped waveform with several voltage 
levels. Unlike traditional inverters that produce a square wave or a pulse- 
width modulated (PWM) waveform with only two voltage levels, multilevel 
inverters can generate waveforms with three or more levels, resulting in 
reduced harmonic distortion, improved efficiency, and decreased 
electromagnetic interference. The design and control of multilevel inverters 
are active research areas that aim to enhance their performance, reliability, 
and scalability. In this research, a 31-level asymmetric cascaded multilevel 
inverter is suggested. The proposed multilevel inverter (MLI) system 
employs four photovoltaic cells as dc sources with structure of (1:2:4:8) 
Vdc. The system is modeled by MATLAB/Simulink and total harmonic 
distortion (THD) values of the output voltage and current are 1.106% for 
resistive load, and 1.35% and 0.403% for inductive load. These outcomes 


demonstrate the recommended circuit's efficacy and demonstrate its 
suitability for medium- and high-power applications. 
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1. INTRODUCTION 

The increased need for electrical energy causes the conventional energy sources to quickly run out 
of fuel. Another result of this is an in-depth examination of the production of electricity utilizing renewable 
energy sources (RESs). Power electronics and power system researchers are giving more and more interest in 
solar and wind energies, the two primary renewable sources, in order to replace their heavy dependency on 
changing environmental circumstances [1]-[3]. To improve the power quality and extract the most power 
possible from RESs, new power converter technologies are necessary [4]—[6]. These technologies are also 
necessary for the desired operation, control, and power management. An inverter is a crucial component of a 
renewable energy power conversion system since it transforms DC electricity into AC as needed by the grid 
and loads. In most utility applications, a typical two- or three-level inverter is used [7]. Nevertheless, because 
the output from these inverters has a higher harmonic content, it is desirable to use expensive and 
considerable low pass passive filters before transmitting the electricity to the utility grid. Also, these inverters 
are not favored for usage in high power applications due to high voltage stress and severe switching loss [8]. 
Multilevel inverters (MLIs) are the best alternative power circuits to deal with medium and high power 
applications. The MLI topology concept was initially introduced in the early part of 1975 [9] before being 
modified [10], [11]. These MLIs attract more attentions because of their ability to function at high voltages, 
low switching losses, great efficiency, and little electromagnetic interference. In addition to improving power 
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quality by subsequently reducing harmonic distortion, MLIs are able to meet the growing need for power 
rating. MLIs are often employed in medium and high power conversion systems because they can supply 
single or multiple dc voltages through low switching frequency operation and a high-quality staircase ac 
voltage from different connections of power semiconductor switches [12], [13]. Batteries, fuel cells, super 
capacitors, renewable energy systems, and other devices are examples of potential input dc sources. Massive 
electric motors, renewable energy conversion, propulsion, electric automobiles, active power filters, high 
voltage direct current (HVDC), and flexible AC transmission systems (FACTs) are just a few of the many 
applications where MLIs are employed extensively [14]-[16]. One of an MLI's important characteristics is its 
ability to function at both fundamental and high switching frequencies using pulse-width modulated (PWM) 
approaches, as well as produce waveforms with reduced distortion and total harmonic distortion (THD) 
content [12]-[15]. Nevertheless, a common disadvantage is the demand for several power semiconductor 
switches. Each switch needing a gate driver circuit makes the system more complicated and costly. Hence, 
one of the key research questions is how to create MLIs with fewer components that can offer greater output 
voltage levels. Controlling and modifying these inverters became more difficult with the development of 
MLI topologies. There are several substantial lower order harmonics in the stepped output voltage waveform 
of an MLI. Such harmonics primarily cause voltage changes, an increase in loss, malfunctions, and they also 
have an effect on the electricity's quality. A MLI with a specific control mechanism can be used to handle the 
aforementioned issues in an efficient manner [17]. 

Alishah et al. in 2017 [18] proposed a cascaded switch ladder MLI was discussed with ten power 
switches and six input DC sources to produce 31-level output voltage with THD of 3.26%. Antar in 2018 [19] 
proposed a cascaded H-bridge used 12-swithes and 3-input DC voltage sources to produce a 27-level output 
voltage was suggested. The THD of the output voltage was 1.165% and 0.674% for single and three phase three 
respective. A modified circuit used twelve switches and six input DC sources was suggested and simulated by 
MATLAB to get 31-level output voltage based on phase shifted multicarrier PWM method and the THD of the 
output voltage was 2.15% [20]. A power circuit uses 12-switches, 16-diodes and 4-input DC sources was built 
to obtain 31-level output voltage based on alternate phase opposition disposition PWM (APOD-PWM) 
switching method [21]. The THD obtained for the output voltage is 1.86%. Choudhury in 2021 [22] proposed a 
31-level asymmetrical switch-diode uses 8-switches, 4-diodes and 4-input DC sources was proposed. The THD 
of output voltage was 2.88%. A MLI with reduced number of switches was proposed in [23]. This circuit built 
based on 12-switches to provide 13-level output voltage depending on multicarrier PWM method. The THD 
value of the output voltage was 11.25% and with efficiency of 38.16% for resistive load. The same circuit was 
modified to provide 31-level output with 14-switches and the THD value was 8.45% with efficiency 93.5%. 
Shah et al. in 2022 [24], proposed a 12-power switches with 4-isolated DC sources was built to produce a 
31-level output voltage at modulation index of (m=1) and the THD value was 2.11%. Corresponding to 
previous studies, the principal purpose of this study is to provide high level output voltage with less switching 
devices and low THD. In the same year, in [25] a 7-switches, 3-diode and 3-DC sources using modified 
absolute sine PWM controller was modeled and investigated practically to get different output levels with zero- 
level state and none zero level state. The THD value of the output voltage was 3.4053% for zero-level state and 
3.0252% for none zero state. Design single and three phase inverter to generate 25-level using a 12-switches, 
and 4-PV sources was built based on MSPWM switching method [26]. a single-phase system's output voltage 
total harmonic distortion obtained for the output voltage is 1.2% while a three-phase system's values are 1.07%. 
Figure 1 shows the proposed MLI circuit layout. 
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Figure 1. The proposed MLI circuit layout 
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2. PROPOSED 31-LEVEL INVERTER TOPOLOGY 
2.1. Solar energy 

Solar energy is the globally most accessible renewable energy source [27]. The unlimited supply 
and environmental friendliness of the photovoltaic (PV) system are the reasons why it is becoming more and 
more popular. PV systems have a long lifetime with a little maintenance. Solar radiation and temperature can 
affect PV systems since they depend so much on certain atmospheric conditions [28]. PV cells transform 
radiation energy into electrical energy [29]. There is only one maximum power point (MPP) and tracking this 
point is very important, so that methods that used to track this point called maximum power point tracking 
(MPPT) techniques. The MPPT is a technique used in PV systems to optimize the power output from a solar 
panel by finding and maintaining the point of maximum power transfer. In recent years, researchers have 
focused on developing new and improved MPPT algorithms to improve the efficiency and performance of 
PV systems. The most commonly used MPPT algorithms for PV systems are the perturb and observe (P&O), 
incremental conductance, hill climbing algorithms, global peak searching, modified perturb and observe, 
adaptive perturb and observe, tip speed ratio (TSR) method, maximum power extraction control (MPEC) 
method, and the pitch angle control (PAC) method, as well as newer algorithms such as artificial neural 
networks, fuzzy logic control, and particle swarm optimization [30], [31]. Consequently, the MPPT 
techniques are very important to minimize the solar array cost by decreasing the number of solar modules 
required to achieve the desired output power. Since, the PV is not always operating in its maximum power 
point [32], but with the use of an MPPT it is possible to force the PV to extract the maximum power at the 
given irradiance level. In this study P&O algorithm is used to track the MPP due to its simplicity and ease of 
implementation. The four sets of PV power systems employed are shown in Figure 2 as having the attributes 
shown, where Figure 2(a) shows the voltage and current characteristics as well as the voltage and power of 
PV1, while Figure 2(b) shows the voltage and current characteristics as well as the voltage and power of 
PV2, while Figure 2(c) shows the voltage and current characteristics as well as the voltage and power of 
PV3, and Figure 2(d) shows the voltage and current characteristics as well as the voltage and power of PV4. 
The specifications of this PV cells are explained in Table 1. 
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Figure 2. The I-V and P-V characteristics of the used PV cells: (a) PV1, (b) PV2, (c) PV3, and (d) PV4 
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Table 1. The PV panel specifications and parameters of boost converter 
Components Symbols Value 
Yingli energy (China) YL170P-23b  PV1 1 series x | parallel 
PV2 2 series x | parallel 
PV3 4 series x 2 parallel 
PV4 8 series x 6 parallel 


Maximum power Pmax (W) 180 
Open circuit voltage Voc (V) 29.5 
Short —circuit current Isc (A) 4.45 
Voltage at maximum power point Vmp (V) 23 
Current at maximum power point Imp (A) 7.87 
Input capacitor Cpy (mF) 1 
Inductor Leoost (MH) 1 
Output capacitor CBoost (MF) 2 
Duty ratio D 0.75 
Input boost converter Vin (V) 23 
Output boost converter Vout (V) 30, 60, 120, 240 


2.2. Boost converter 

The boost DC-DC converter circuit is one of the most popular converters that used to raise and 
regulate the DC output voltage of the PV solar system. Boost converters are commonly used in applications 
such as battery-powered devices, LED lighting, and power supplies for electronics. They are also used in 
renewable energy systems such as solar and wind power to boost the voltage of the DC output to match the 
required input voltage of the grid. Figure 3 illustrates the boost converter's circuit diagram. Designing a boost 
converter involves selecting components and determining the values of the various components based on the 
desired output voltage and current. 


SOO ° p = 


PV module DC/DC Boost Converter Load 


Figure 3. DC-DC boost converter circuit (PV_boost) 


The duty cycle (D) of the boost converter, the minimum boost inductor (Lmin), and the output 
capacitor (C) of this converter are determined as (1)-(3) [33]: 


Vin 
D=1- z (1) 
D(1-D)? R 
Lmin = So (2) 
D 
C= —w ~ 3 
Gey = 


Where (=) is the outputs voltage ripple and calculated at 1%, (R) is output resistance, and (f) is the 


switching frequency. 


2.3. Multilevel inverter circuit 

A multilevel inverter is a power electronic device used in electrical power conversion systems. A 
multilevel inverter uses multiple levels to synthesize the output waveform. This technique provides several 
advantages, including enhanced output waveform and power system quality, decreased voltage stress, and 
higher efficiency [34]. MLIs are widely used in high-power applications such as motor drives, renewable 
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energy systems, and utility applications. In this study, a MLI circuit is modified to produce 31-level output 
AC voltage using 12-switches, 4-diodes, and 4-DC sources for resistive load (Figure 1). While with inductive 
load, the four diodes should be replaced with four IGBTs due to charge and discharge cases that causes 
overshoot during changing form +ve to —ve states (Figure 4). The input DC voltage sources are four 
asymmetrical isolated DC sources and arranged according to (1:2:4:8) Vac, which is supplied from set of 
solar PV systems with boost converters. The switching patterns that required to achieve 31-level output 
voltage are shown in Table 2. Figure 5 depicts the current path diagram in various operation modes based on 
the switching states listed in Table 2, where Figure 5(a) depicts the current path to obtain an output voltage of 
+12 Vdc, Figure 5(b) depicts the current path to obtain an output voltage of +6 Vdc, Figure 5(c) depicts the 
current path to obtain an output voltage of -3 Vdc, and Figure 5(d) depicts the current path to obtain an 
output voltage of -7 Vdc. 


TTL ie 


Figure 4. The proposed MLI a 31-level output voltage circuit with inductive load 


Table 2. Switches states of 31-level output voltage 
Conducting switches: 1=ON; 0=OFF 


State § Sa S3 Sa SSeS) Se Qo Oy Q Q VaVe) 
1 1 1 0 0 1 1 0 0 1 1 1 1 15 
2 1 1 0 0O 1 1 0 0 0O 1 1 4 14 
3 1 1 0 O 1 1 8 O I 1 4a ft 13 
4 0 1 0 1 1 1 0 0 0 O ıı 1 12 
5 1 1 0 O0 1 1 0 O 1 1 0 4 11 
6 1 1 0 0 1 2 0 0 O 1 0 4 10 
7 1 1 0 O 1 1 0 O 1 0 0 1 9 
8 © 1 © 14 1 0 0 0 0 0 1 8 
9 1 1 0 0O 1 1 0 O 1 T i 0 7 
i 1 1 0 0 1 1 0 0 O 1 1 0 6 
il 1 1 0 0 1 1 0 O 1 0 1 0 5 
2 0 1 0 1 1 1 0 0 O0 0 1 0 4 
3 1 1 0 0 O 1 O 1 1 1 0 0 3 
4 1 1 0 0 O 10 10 1 0 0 2 
15 1 1 0 0 O 1 O 1 1 0 0 0 1 
16 1 0 1 2 + 0O 1 0 0 0 0 0 0 
17 0 0 1 1 1 O 1 O 1 0 0 0 i 
18 0 0 1 1 1 0 1 0 0O 1 0 0 -2 
19 0 0 i 1 1 & 1 O 1 1 0 0 3 

20 1 0 1 0 0 0 1 1 O0 0 1 0 -4 
2 0 0 1 1 0 O 1 1 1 0 1 0 -5 
2 0 0 1 1 0 O 1 1 O 1 1 0 -6 
23 © 0 1 1 O0 O 1 1 1 1 1 0 -7 
4 1 0 1 0 0 O 1 1 0 0 0 1 -8 
25 0 0 1 1 0 O 1 1 1 0 0 1 -9 
%® 0 0 1 1 0 0 1 1 O 1 0 1l -10 
7 0 0 110 O 1 1 1 1 0 1 -11 
2 1 0 1 0 0 O 1 1 0 0 ı 1 -12 
2 0 0 1 1 0 0 1 1 1 0 1ı 1 -13 
30 0 0 1 1 0 O 1 1 O0 1 1 FG -14 
3 0 0 1 1 0 0 1 1 ı1 ı ı ı 15 
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tS 


Figure 5. Current path with output voltage of; (a) +12 Vdc, (b) +6 Vdc, (c) -3 Vdc, and (d) -7 Vdc 


2.4. Control strategy 

Sinusoidal pulse width modulation (SPWM) is a technique for producing a sinusoidal waveform by 
varying the width of a series of pulses. SPWM is a popular technique in power electronics and control 
applications. One of the advantages of SPWM is that it generates a nearly sinusoidal output waveform, which 
reduces harmonic distortion and produces a cleaner signal. Multicarrier PWM is a technique used to 
modulate multiple carrier signals to control the output voltage of an inverter. In multicarrier modulation, the 
data is split into several subcarriers, and each subcarrier is modulated independently. Sinusoidal pulse width 
modulation based on multicarrier (MC-SPWM) is a combination of these two modulation techniques. An m- 
level inverter needs (m-1) triangle carriers. Based on the arrangement of the carrier signals, the MC-SPWM 
control technique can be split into level-shifted and phase-shifted [35]. In this study, MC-SPWM algorithm 
based on phase disposition (PD-PWM) technique is adopted to get the 31-level voltage. 


3. SIMULATION RESULTS 

The modified cascade H-bridge 31-level inverter is developed and reformed to achieve the needed 
levels. MATLAB/Simulink is used to examine the performance of the proposed power circuit depicted in 
Figure 4. The selected solar PV set provides DC voltage of 23 V and current of 7.87 A and the step-up 
converter circuits boosted the output voltages to 30 V, 60 V, 120 V, and 240 V according to the structure 
(1:2:4:8) Vdc as explained in Table 1. Figure 6 presents the results of PV and boost converter. Figure 7 show 
the voltage and current waves of the 31-level inverter Figure 7(a) for R and Figure 7(b) for RL-load at 25 °C 
and 1000 w/m* respectively. The FFT analysis of the voltage and current waveforms are explained in 
Figure 8 for (a) R-load and (b) RL-load, respectively. The THD value for the output voltage and current of 
the 31-level inverter for R load is 1.106% while for RL-load are 1.35% and 0.403%, respectively. Table 3 
illustrates the comparison results between the two suggested types. These findings demonstrate the efficacy 
of the proposed circuit. 
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Figure 6. Simulated output of the boost converters 
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Figure 7. Voltage and current waves of the 31-level inverter for; (a) R-load and (b) RL-load 
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Figure 8. The FFT analysis of the 31-level output voltage and current for; (a) R-load and (b) RL-load 


Table 3. Compares between the two suggested types 


Parameters Sources No of switches Diodes _THD-V(%) _THD-I(%) 
31-Level inverter (R-load) 4 12 4 1.106 1.106 
31-Level inverter (RL-load) 4 16 0 1.35 0.403 
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4. CONCLUSION 

Based on asymmetrical structure of the PV cells sources, this study has been built to get 31-level 
inverter. From several perspectives, the suggested generic topology was compared to various types of 
published topologies in the literature. The suggested topology requires fewer IGBTs, power diodes, driver 
circuits, and dc voltage sources, according to the comparative findings. Furthermore, the magnitude of the 
switches' blocking voltage is less than that of traditional topologies. According to IEEE-519 standard, the 
THD values of the output voltage and current at resistive and inductive loads without any filters are within 
standards. These results verify that these circuits can be used safely with medium and high power 
applications due to good power quality. 
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